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We have studied structural phase transition in BaNi2As2 superconductor with the application of 
Phosphorous doping based on first principles calculations. Our results reproduce experimental 
findings and explain some of the experimental observations.   
 
 Introduction 
The discovery of superconductivity with transition temperature (TC) 56K in RFeAsO1-xFx 
(R=Sm, Nd, Pr…) [1-6] has attracted attention of many researchers to understand the 
superconducting mechanism. Besides, the appearance of superconductivity in Ni-based 
compounds which posses low TC,i.e., LaONiP (TC=3K)[7], LaONiAs(TC=2.75 K)[8], BaNi2P2 
(TC=2.4 K)[9], BaNi2As2 (TC=0.7 K)[10] and SrNi2As2 (TC=0.62 K)[11] give a new platform to 
understand the microscopic reasons behind such phenomenon. Hence it is important to 
understand why TC is low in Ni-based compounds, which may enrich our understanding about 
the high TC in iron-based superconductors. The high TC in superconductors is sometime 
associated with structural instability. It has been reported that there is an increase in TC at 
structural phase boundary in various systems including cuprates [12, 13], iron-pnictide 
superconductors [14, 15], A15 compounds [16], graphite intercalated compounds and elements 
including Li and Te under high pressure [17-19]. 
Among all the Ni-based pnictides, BaNi2As2 is mainly important because it is regarded as a non-
magnetic analogue of iron-based superconductors e.g CaFe2As2. Besides these similarities, there 
is some dissimilarity too. It is reported that collinear spin-density-wave magnetic ordering does 
not exist in BaNi2As2 [20]. The absence of magnetism may be one of the reasons for low TC in 
BaNi2As2 [21-24]. This clearly indicates the importance of magnetism in iron-pnictide 
superconductors for its high TC. BaNi2As2 has the following properties: (1) It is observed that 
structural phase transition is first-order in BaNi2As2 [25]. (2) It is predicted that band-shift in 
BaNi2As2 is due to considerable lattice distortion. (3) Correlation effect in BaNi2As2 is very 
weak since small band renormalization factor in BaNi2As2. Very recently, it is reported that the 
structural phase transition in BaNi2As2 can be tuned by phosphorus doping [33]. Pressure-
induced structural phase transition in this system is particularly interesting since it can provide a 
new way for finding the reason behind the mechanism of high-temperature superconductivity. 
Based on this interesting report, in this work, we present a first-principle study of BaNi2As2. Our 
approach reproduces and explains the experimentally observed changes in TC with pressure and 
establishes the relation between the sudden jump in TC and the structural phase transition. In 
addition, we address the following questions: (a) how does lattice parameter depend on doping 
concentration? (b) What is the reason behind doping induced lattice distortion? (c) Is increase in 
the superconductivity in the tetragonal phase electronic or is it phonon mediated?  
 
 
 
 Computational details 
 
Correlation effect in BaNi2As2 is very low because of small band renormalization factor [20]. 
Hence non-interacting density functional theory is appropriate in this context. All calculations 
are performed by considering pseudo potential-based density functional theory (DFT) as 
implemented in the PWSCF package [61]. We consider generalized gradient approximation 
(GGA) [62] for the exchange correlation function and use ultra-soft pseudo potential for taking 
into account the interaction between the ion’s core and the valance electrons. We take 3×3×1 
super cell for the simulation of BaNi2 (As1-xPx)2 with x=0.0, 0.027, 0.055, 0.083, 0.11. 
Optimization is done with respect to both atomic position and lattice-parameters using Broyden-
Fletcher-Goldfarb-shanon (BFGS) method. Plane-wave basis is used with a kinetic energy cutoff 
of 40 Ry for wave functions and cutoff of 400 Ry for charge density. For the integration over the 
Brillouin Zone of 3×3×1 super cell containing 90 atoms, we take 3 ×3× 3 Monkhorst-Pack mesh 
[63]. Convergence is checked carefully in wave-vector space and considered by taking the 
energy difference between two consecutive steps, 10
-8
 Ry. Spin polarized calculation is neglected 
in all calculation since there is no existence of spin ordering in BaNi2As2. 
 
  
Figure 1  Crystal structure of BaNi2As2 
Table 1 Data for structural parameter and atomic position for the unit cell of 
BaNi2As2 at 297 K 
Reference Lattice 
parameter a(Å) 
Lattice 
parameter c(Å) 
ZAs 
this work 4.192 11.231 0.349 
Earlier work[34] - - 0.351 
Expt.[33] 4.147 11.619 0.347 
 
  
 Results and discussion 
 
The unit cell of Bi2Ni2As2 at T=293K has the tetragonal structure with I4/mmm symmetry. To 
verify our structure of Bi2Ni2As2, we do variable cell optimization of the unit cell and compare 
the unit cell parameters of BaNi2As2 with earlier findings and experimental structure as shown in 
Table1. Our calculated lattice parameters ‘a’ and ‘c’ of the unit cell are 1% larger and 3.3% 
smaller than experimental values [33] respectively. Our computed ZAs (height of the As atom 
from the bottom of the unit cell) is in good agreement with earlier work [34] with 0.5% smaller 
value but 0.5% larger than the experimental one [33]. The calculated lattice constants and atomic 
positions of the unit cell are used as initial values in the super-cell calculations. To explore the 
pressure dependence on the structure, we do the calculation with various doping concentrations 
(0.0, 0.027, 0.055, 0.083, 0.11) as described in experimental study [33]. 
 Figure 2 (a) Lattice parameters a and c as a function of phosphorous content x for 
BaNi2(As1-xPx)2  as predicted by experiment [33] (b) calculated dependence of latiice 
parameter a with various doping concentration (c) calculated dependence of lattice 
parameter c with various doping concentration 
The dependence of lattice parameters ‘a’ and ‘c’ with various doping concentration is plotted in 
figure 2. We observe that the lattice parameter ‘a’ decreases with increase in doping 
concentration but lattice parameter ‘c’ increases with increase in doping concentration. This 
correlation between lattice parameters and doping concentration is in good agreement with 
experimental one as shown in figure 2 (a). We also predict the decrease of volume with doping 
as proposed by the experiment [33]. According to our calculations, decrease in volume is 1.7 Å
3 
with 11% phosphorous doping whereas experiments predicted decrease in volume as 1.1Å
3
 with 
13% phosphorous doping. Given the theoretical approximations, we believe our theoretical 
results are in reasonable agreement with experimental predictions. The origin of pressure 
dependence of the volume is as follows: the valance electrons of phosphorous and arsenic are 
same. But the ionic radius of phosphorous is smaller than arsenic. When we substitute arsenic by 
phosphorous, this doping creates chemical pressure. That is why; we find this kind of monotonic 
dependence of lattice parameters with doping concentration and overall volume of the cell. As 
shown in figure 3(a), with the increase in doping concentrations, energy increases. In other 
words, doping creates the instability in the structure and the structure tends to go to other phase 
for stability. From figure 3(b), it is clear that with the increase in doping concentration, the 
pressure increases. We see structural distortion due to this pressure which appears due to the 
application of doping. From figure 3 (b), it is interesting to observe that within doping 
concentration between 0.02 and 0.05 pressure almost increases linearly and in between 0.07 and 
0.11 pressure decreases linearly. But in the region between 0.06 and 0.07, pressure remains 
almost constant. That means, up to doping concentration 0.05, structure becomes unstable in one 
phase in which it exists. Beyond the range of 0.05, it starts going to another phase. After doping 
concentration of 0.065, it reaches in one new phase in which it is again stabilizes as pressure 
decreases. 
 
 
Figure 3 (a) Energy variations with various doping concentrations (b) 
variation of pressure with various doping concentrations 
  
  In between 0.06 and 0.07 doping concentrations, pressure remains almost independent of 
doping concentration. So we can think of structural phase transition occuring in between 0.06 
and 0.07 doping concentrations. In fact, experimentally it is observed that the structural phase 
transition occurs at the doping concentration, 0.067. With the application of doping, besides the 
lattice parameters, internal parameters also change. This is shown in figure 4. In figure 4, it is 
clearly seen the bond angle, < Ni-As-Ni, changes with the increase in doping concentration. But 
it is again interesting to note that there is sudden jump in the change of the bond angle in 
between doping concentration 0.06 and 0.07. This suggests that the structural phase transition 
occurs somewhere between doping concentration 0.06 and 0.07 which is in good agreement with 
experimental findings [33]. 
 
 
 
 
Table 2 Data for density of states N(EF) at the Fermi level with various doping 
concentrations 
Reference Doping concentration N(EF) (eV)
-1
 
This work 0.00 7.18 
Expt.[33] 0.00 6.00 
Singh et al.[34] 0.00 7.14 
This work 0.25 7.19 
Expt.[33] 0.25 6.00 
 
 Figure 4 3× 3×1 super cell of BaNi2(As1-xPx)2 
 
 
Figure 5 Change in the bond angle with doping concentration 
 Thus, there is structural phase transition in BaNi2 (As1-xPx)2  due to the application of doping. 
With this structural phase transition, there is increase in TC which is the main advantage of this 
transition. Now the question is what is the origin of this enhancement in the value of Tc? Is it 
related with electron or phonon? To find out the reason, we have plotted density of states (DOS) 
in various doping concentrations which is shown in Fig. 6. There is finite density of states at the 
Fermi level in both doping concentration (x=0.0 and x=0.25). So the parent composition, 
BaNi2(As1-xPx)2, superconductor is metallic like iron-pnictide superconductors and this metallic 
behavior of BaNi2(As1-xPx)2 is independent of the amount of doping. From the DOS at x=0.0 
doping concentration, we have computed the density of state at the Fermi level, N (EF), which is 
in good agreement with earlier work and experimental prediction. All these values are tabulated 
in Table 2. We have also calculated N (EF) for the higher doping concentration. This N (EF) 
value for the higher doping concentration (x=0.25) is also in agreemant with experimental value. 
Interestingly, calculated values of N(EF) are independent of the doping concentrations.  
 
 
 
Where       is the electronic specific heat coefficient, kB   is the Boltzmann constant and N(EF)  is 
the density of state at the Fermi level.  
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 Figure 6  Density of state plot for various doping concentrations  
(a) 0.00 (b) 0.25 
                   
                      
 
          Where       is the electron-phonon coupling constant. 
 
                
          Where         is the logarithmic average of phonon frequency and      is a constant and 
equal to 0.12 
                       
From equation (3.1), it is clear that electronic specific- heat coefficient (   ) is directly related 
with N(EF). Basically, it is only a function of N(EF) within free electron theory. Now, if N(EF) is 
independent of the amount of doping, the value should be remain constant with doping. This 
explains the experimental prediction of the variation of specific heat with temperature. 
According to experimental observations, the slope of the C/T vs. T
2
 plot is almost unchanged 
with various doping concentration. This indicates the independent value of electronic specific-
heat coefficient (  ) with various doping concentrations. From equation (3.2), electron-phonon 
coupling constant is roughly related with     . If      is constant against doping concentration, then 
electron-phonon coupling is also constant with various doping concentration. From Allen-Dynes 
formula, as given in equation (3.3), it is clear that transition temperature is a function of 
logarithmic average of phonon frequency        and electron-phonon coupling constant       . Now 
if      remains almost constant with various doping concentrations, then the only possibility for 
the increase in transition temperature (TC) is       . Hence, the enhancement in TC is related with 
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phonons, not with electrons. Our finding for the origin of the enhancement in the 
superconductivity is in complete agreement with the experimental predictions. 
 
 Conclusion 
We have presented a systematic first-principles study on the structural phase transition in 
BaNi2(As1-xPx)2 superconductor. Our calculated dependence of lattice parameters with various 
doping concentrations is in well agreement with experimental findings. We have also found 
overall decrease in volume with increase in the doping concentrations, which compares fairly 
well with experimental findings. We have seen distortion in the internal parameters like bond 
angle (<Ni-As-N) changes significantly with increase in the doping concentrations. We have 
clearly found the reasons behind the crystal distortions with doping. We have shown 
phosphorous doping creates pressure on BaNi2(As1-xPx)2 and how this induced pressure produces 
instability in the system. We have predicted the enhancement in the increase of transition 
temperature (TC) is related with phonons not with electrons. 
 
 
 
 
 
 
  
References: 
(1)Z.A.Ren, W.Lu, J.Yang, W.Yi, X.-L. Shen, Z.Cai, G-c. Che, X.-L. Dong, L.-L. Sun, F.Zhou, 
and Z.-X. Zhao, Chin.Phys.Lett. 25, 2215 (2008) 
(2)R.H. Liu, G. Wu, T. Wu, D. F. Fang, H.Chen, S.Y. Li, K. Liu, Y.L.Xie, X.F. Wang, R.L. 
Yang, L. Ding, C. He, D.L. Feng and X.H. Chen.Phys.Lett.101, 087001 (2008) 
(3)Chunlei Wang, Zhaoshun Gao, Lei wang, Yanpeng Qi, Dongliang Wang, Chao Yao, Zhiyu 
Zhang, and Yanwei Ma, Supercond.Soc. Technol.23, 055002(2010) 
(4)Zhi-An Ren, Jie Yang, Wei Lu, Wei Yi, Xiao-Li-shen, Zheng-Cai Li, Gaung-Can Che, Xiao-
Li Dong, Li-Ling Sun, Fang Zhou, and Zhong-xian Zhao, EPL 82,57002 (2008) 
(5)A. Kursumovic, J. H. Durrel, S. K. Chen, and J.L. MacManus-Driscoll, supercond. Sci. 
Technol. 23, 025022 (2010) 
(6)Z.A. Ren, J.Yang, W. Lu, W.Yi, G.C. Che, X.L. Dong, L.L. Sun, and Z.X. Zhao, Material 
Research Innovations 12,105, (2008) 
(7)Takumi watanabe, Hiroshi Yanagi, Toshio Kamiya, Yoichi kamihara, Hidenori Hiramatsu, 
Masahiro Hirano, and Hideo Hosono, Inorg. Chem. 46, 7719 (2007) 
(8) Zheng Li, Gengfu chen, Jing Dong, Gang Li, Wanzheng Hu, Dan Wu, Shaokui Su, Ping 
zheng, Tao xiang, Nanlin wang, and Jianlin Luo, Phys.Rev. B 78, 060504(R) (2008)  
(9)Y.Tomioka, S. Ishida, M.Nakajima, T.ito, H. Kito, A.Iyo, H. Eisaki, and Suchida, Phys.Rev.B 
79, 132506(2009) 
(10)F. Ronning, N. Kurita, E.D. Bauer, B.L.scott, T.Park, T.Klimczulk, R. Movshovich, and J.D. 
Thpmpson, J. Phys.Condense. Matter 20, 342203 (2008) 
(11) 
(12) M. d’Astuto, P. K. Mang, P. Giura, A. Shukla, P. Ghigna, A.Mirone, M.Braden, M. Greven, 
M.Krisch and F.Sette, Phys. Rev. Lett.88, 167002 (2002) 
(13) D. Reznik, L. Pintschovius, M. Ito, S. Iikubo, M. Sato, H. Goka, M. Fujita, K. Yamada, 
G.D. Gu and J.M. Tranquada, Nature 440, 1170 (2006) 
ln
ω
(14) T. Goto, R. Kurihara, K. Araki, K. Mitsumoto, M. Akatsu, Y. Nemoto, S. Tatematsu and M. 
Sato, J. Phys. Soc. Jpn. 80, 073702 (2011) 
(15) M. Yoshizawa, D. Kimura, T. Chiba, S. Simayi, Y. Nakanishi, K. Kihou, C.-H. Lee, A.Iyo, 
H. Eisaki, M. Nakajima and S. Uchida, J. Phys. Jpn. 81, 024604 (2012) 
(16)L.R. Testardi, Rev. Mod. Phys. 47, 637 (1975) 
(17) R. P. Smith, A. Kusmartseva, Y. T. C. Ko, S. S. Saxena, A. Akrap, L. Forr, M. Laad, T.E. 
Weller, M. Ellerby and N. T. Skipper, Phys. Rev. B, 74, 024505 (2006) 
(18) J. S. Kim, L. Boeri, R. K. Kremer, and F. S. Razavi, Phys. Rev. B, 74, 214513 (2006) 
(19) A. Gauzzi, S. Takashima, N. Takeshita, C. Terakura, H. Takagi, N. Emery, C. Herold, P. 
Lagrange and M. Hanfland and M. Mezouar, Phys. Rev. B, 78, 064506 (2008) 
(20) Bo Zhou, Yan Zhang, Le-Xian Yang, Min Xu, Cheng He, Fei Chen, Jia-Feng Zhao, Hong-
Wei Ou, Jia Wei, Bin-Ping Xie, Tao Wu, Gang Wu, Masashi Arita, Kenya Shimada, Hirofumi 
Namatame, Masaki Taniguchi, X. H. Chen, and D. L. Feng, Phys. Rev. B 83,035110, (2011) 
(21) A. J. Drew, Ch. Niedermayer, P. J. Baker, F. L. Pratt, S. J. Blundell, T. Lancaster, R. H. Liu, 
G. Wu, X. H. Chen, I. Watanabe, V. K. Malik, A. Dubroka, M.Rössle, K. W. Kim, C. Baines, 
and C. Bernhard, Nat. Mater. 8, 310 (2009). 
(22) A. D. Christianson, E. A. Goremychkin, R. Osborn, S. Rosenkranz, M. D. Lumsden, C. D. 
Malliakas, I. S. Todorov, H. Claus, D. Y. Chung, M. G. Kanatzidis, R. I. Bewley, and T. Guidi, 
Nature 456, 930 (2008). 
(23) L. Ma, J. Zhang, G. F. Chen, and Weiqiang Yu, Phys. Rev. B 82, 180501(R) (2010). 
(24) S. Graser, A. F. Kemper, T. A. Maier, H. P. Cheng, P. J. Hirschfeld, and D. J. Scalapino, 
Phys. Rev. B 81, 214503 (2010) 
(25) Athena S. Sefat, Michael A. McGuire, Rongying Jin, Brian, C. Sales, David Mandrus, Filip 
Ronning, E. D. Bauer, and Yurij Mozharivskyj, Phys. Rev. B 79, 094508 (2009) 
(26) C. He, Y. Zhang, B. P. Xie, X. F. Wang, L. X. Yang, B. Zhou, F. Chen, M. Arita, K. 
Shimada, H. Namatame, M. Taniguchi, X. H. Chen, J. P. Hu, and D. L. Feng, Phys. Rev. Lett. 
105, 117002, (2010) 
(27) M. Yi,  D. H. Lu,  J. G. Analytis, J.-H. Chu,  S.-K. Mo,  R.-H. He, M. Hashimoto, R. G. 
Moore,  I. I.  Mazin, D. J. Singh,  Z. Hussain,  I. R. Fisher, and Z.-X. Shen, Phys. Rev. B 80, 
174510 (2009) 
(28) Y. Zhang, J. Wei, H. W. Ou, J. F. Zhao, B. Zhou, F. Chen, M. Xu, C. He, G. Wu, H. Chen, 
M. Arita, K. Shimada, H. Namatame, M. Taniguchi, X. H. Chen, and D. L. Feng, Phys. Rev. 
Lett. 102, 127003 (2009). 
(29) L. X. Yang, Y. Zhang, H. W. Ou, J. F. Zhao, D. W. Shen, B. Zhou, J. Wei, F. Chen, M. Xu, 
C. He, Y. Chen, Z. D. Wang, X. F. Wang, T. Wu, G. Wu, X. H. Chen, M. Arita, K. Shimada, M. 
Taniguchi, Z. Y. Lu, T. Xiang, and D. L. Feng, Phys. Rev. Lett. 102, 107002 (2009) 
(30) Bo Zhou, Yan Zhang, Le-Xian Yang, Min Xu, Cheng He, Fei Chen, Jia-Feng Zhao, Hong-
Wei Ou, Jia Wei, Bin-Ping Xie, Tao Wu, Gang Wu, Masashi Arita, Kenya Shimada, Hirofumi 
Namatame, Masaki Taniguchi, X. H. Chen, and D. L. Feng, Phys. Rev. B 81, 155124 (2010) . 
(31) G.-D. Liu, H.-Y. Liu, L. Zhao, W.-T. Zhang, X.-W. Jia, J.-Q. Meng, X.-L. Dong, J. Zhang, 
G. F. Chen, G.-L. Wang, Y. Zhou, Y. Zhu, X.-Y. Wang, Z.-Y. Xu, C.-T. Chen, and X. J. Zhou, 
Phys. Rev. B 80, 134519 (2009). 
(32) Bo Zhou, L. X. Yang, Fei Chen, Min Xu, Tao Wu, Gang Wu, X. H. Chen, and D. L. Feng, 
J. Phys. Chem. Solids. (to be published) 
(33) K. Kudo, M. Takasuga, Y. Okamoto, Z. Hiroi, and M. Nohara, arXiv:1204.4958v1 [cond-
mat.supr-con] 
(34) Alaska Subedi and David J. Singh, Phys. Rev. B, 78, 132511 (2008) 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
